Combined feedback/feedforward blade pitch control is compared to industry standard feedback control when simulated in realistic turbulent winds. The feedforward controllers are designed to reduce fatigue loads, increasing turbine lifetime and therefore reducing the cost of energy. Various collective pitch and individual pitch versions of two feedforward designs are studied: Gain-Scheduled Model-Inverse and Gain-Scheduled Shaped Compensator. The input to the feedforward controller is a measurement of incoming wind speed, which could potentially be provided by LIDAR. Three of the designs reduce structural loading compared to standard feedback control, without reducing power production.
I. Introduction
Current commercial wind turbine control algorithms are feedback only, as shown in Figure 1 . Blade pitch is often controlled by a simple proportional-integral (PI) based collective blade pitch controller, which receives its input signal from the error in generator speed. Recent work [1] [2] [3] [4] has verified that more advanced feedback controllers can reduce structural fatigue loads. These advanced controllers typically employ individual pitch control and may be based on signals from strain gauges and position encoders in addition to generator speed.
LIDAR (Light Detection and Ranging) can be used to remotely measure wind speed. Recent improvements in LIDAR size, cost, and reliability have made it realistic to obtain accurate wind speed measurements upstream of the turbine. When wind speed measurements are available, we can make use of this additional information through disturbance feedforward control. This feedforward control can be combined with either standard or advanced feedback control, as shown in Figure 2 . The use of these wind speed measurements to reduce turbine fatigue loads is an area that is being actively researched. In this study, a feedforward controller is added on to a standard feedback controller, and the results are compared to the standard feedback controller alone. Simulation results in realistic turbulent wind fields have shown that when the feedforward control is added on, it can reduce fatigue loads without reducing power capture.
This paper is organized as follows. In Section II, we describe the wind turbine model and wind fields used in simulations. The baseline controllers are outlined in Section III. Section IV describes feedforward blade pitch control designs. Section V presents simulation results. Finally, Section VI contains a summary of conclusions and future work.
II. Simulated Turbine and Turbulent Inflow

II.A. 5 MW Turbine Model
All simulations are performed using a full non-linear turbine model provided by the FAST (Fatigue, Aerodynamics, Structures, and Turbulence) 7 software code developed at the US National Renewable Energy Laboratory (NREL). The particular model used in FAST is a 5 MW model with the following specifications:
• 3-bladed, upwind, variable speed turbine • First fore-aft tower bending-mode
• Second fore-aft tower bending-mode
• First side-to-side tower bending-mode
• Second side-to-side tower bending-mode More detail on this 5 MW turbine model and the baseline controller described in Section III can be found in the referenced NREL report. 
II.B. Stochastic Turbulent Wind Field Simulator
The NREL TurbSim 9 stochastic full-field inflow simulator was used to provide realistic wind fields for the turbine simulations. These simulations are based on extensive observations taken in the high-plains environment of Southeast Colorado that is now a large operating wind farm. The Great Plains (GP-LLJ) spectral model available in TurbSim was used to simulate wind conditions present at this site.
The boundary conditions for the TurbSim simulator shown in Figure 3 are derived from the means of subpopulations of actual measured wind conditions associated with hub-height mean wind speeds in three categories: above rated (AR) (13 m/s), rated (R) (11.4 m/s), and below rated (BR) (9 m/s). The (Y-Z) grid encompassing the turbine rotor disk contains 31x31 points of three orthogonal wind components with a sample rate of 20/s and a total record length of 630 seconds. The turbulence boundary conditions within each of the three wind speed categories are varied by the vertical stability parameter Ri T L and the mean friction velocity (shearing stress) u * D over the rotor disk. A power law variation of the vertical wind speed profile is specified by the listed shear exponents α D .
In each of the three sub cases of the wind speed categories, 31 realizations of the turbulent wind field based on the specified boundary conditions were generated. Therefore there are a total of 3 · 3 · 31 = 279 wind field simulations run for each controller, each 630s long. The first 99s of each simulation are discarded before calculating any performance measures to allow for the settling out of initial transients. Wind fields are named as, for example, AR3 s15, which corresponds to the 15th realization (seed) of the Above Rated Sub Class 3 boundary conditions. As indicated in Figure 3 , no coherent structures have been included for this initial study.
III. Baseline Controller
III.A. Yaw Control
The yaw control is set to a constant 0
• , and the average wind direction does not change. 
III.B. Torque Control
The low-pass filtered generator speed is also the input to the torque controller. Torque control is typically divided into different regions depending on generator speed, as shown in Figure 4 . Regions 1 and 1.5 are turbine start-up and transition regions. In Region 2, the torque command is proportional to the square of the generator speed. This maintains a constant tip speed ratio for maximum power capture. Region 2.5 provides a transition to Region 3. Region 3 begins at rated generator speed. In this region, the torque controller maintains constant rated power, and the torque command is inversely proportional to generator speed. Also in Region 3, the pitch controller is actively regulating generator speed. But when the wind speed drops so that the generator speed falls below Region 3 for long enough, then the pitch command settles to its lower limit of 0 • . The torque controller has an additional feature that reduces downward spikes in power from the rated 5 MW. Whenever the blade pitch angle is ≥ 1
• , the torque controller follows the Region 3 curve, even if the generator speed is below rated. This is represented by the dashed line in Figure 4 .
The torque command is limited between 0 and 47402.91 Nm and rate limited to 15000 Nm/s.
III.C. Baseline Collective Pitch Control
The collective pitch blade pitch controller depends only on generator speed. The generator speed signal is fed through a low-pass filter and then into a gain-scheduled PI controller, as shown in Figure 5 . Blade pitch is limited between 0 • -90
• and rate limited to 8 • /s.
III.D. Baseline Individual Pitch Control
An individual pitch feedback-only controller was also designed 1 for use as another baseline controller for comparison with the individual pitch feedforward controllers. In addition to generator speed, its inputs are the three out-of-plane blade root bending moments, and the rotor azimuth, which is used for the MBC (or d-q axis) transformation. The horizontal and vertical components are controlled with PI controllers, and the collective component is controlled with the same PI feedback control as the baseline collective pitch controller. 
IV. Feedforward Control Designs
In this section, we present some initial ideas for feedforward control designs. These fall into one of two categories. The first is model-inverse control, designed to cancel the effect of wind disturbances on rotor speed. The second is a shaped compensator method, which is a heuristic, essentially non-model based approach.
IV.A. Gain-Scheduled Model-Inverse Feedforward Control
The first step in designing a model-inverse feedforward controller is obtaining a linear model of the turbine (P ). In this study, the turbine is linearized about an 18 m/s constant wind speed, with five degrees of freedom turned on:
• First flapwise blade mode (×3 blades)
• Drivetrain rotational-flexibility
This results in two transfer functions: P Ωβ , which maps collective blade pitch error β to generator speed error Ω, and P Ωw , which maps deviation from nominal wind speed w to generator speed error Ω.
A feedforward controller is shown as F in Figure 6 . A linear model-inverse feedforward approach uses F to cancel the effect of w on Ω. Therefore, as can be seen in Figure 6 , Ideally, the feedforward controller would be set equal to F as above. However, in this case the resulting F is unstable because P Ωβ contains non-minimum phase zeros. Therefore a stable model-inverse approximation is used instead. Three different model-inverse techniques 11 are used: the nonminimum-phase zeros ignore (NPZ-Ignore), the zero-phase-error tracking controller (ZPETC), and the zero-magnitude-error tracking controller (ZMETC). When simulated in a uniform wind field, stepped from 15 m/s to 20 m/s, all three controllers perform similarly and show some improvement over baseline, as shown in Figure 7 , even without any gain scheduling or low-pass filtering. The feedforward controller increases blade pitching action to keep rotor speed more constant and to reduce the magnitude of oscillations in blade root bending moment.
All controllers studied are discrete-time controllers with a sample period of 0.0125s. The ZPETC requires an added delay of z −2 (two sample periods, or 0.025s) to make the controller causal. A 0.025s preview cancels this delay, making the phase of this controller match the ideal case exactly. The NPZ-Ignore and ZMETC require no added delay, so an instantaneous wind speed measurement at the blades is ideal for these controllers.
One wind speed measurement that has been made available in the simulation is an approximate discaverage of the u-direction (towards turbine) wind speed, measured 90m ahead of the turbine tower. Measurements at five points of the 90m-ahead disc are used to obtain this approximate average: hub center, and 63m straight up, down, left, and right. The wind fields used in simulation can be thought of as a three-dimensional grid, with three wind speed directional components at each point in the grid. It does not evolve over time, but is marched forward towards the turbine at a constant rate, equal to the average wind speed of the particular wind field being used. Therefore, the 90m-ahead wind speed signal can be delayed without any loss of accuracy. For inputs to the ZPETC, NPZ-Ignore, and ZMETC controllers, the signal is delayed so that it is approximately at the blades, which are about 6m ahead of the tower. Because the blades do not lie in a perfect plane, but are preconed forward by 2.5
• and bend back somewhat during operation, it is not possible to choose the distance precisely or to choose the delay accurately to within 0.025s.
All three controllers have a fixed DC gain of approximately 0.0234 rad/(m/s). These controllers perform best when operating close to the linearization point of 18 m/s wind speed. To improve performance over a larger range of wind speeds, the DC gain of the feedforward controllers is adjusted based on wind speed. The ideal gain values are based on testing of the non-linear turbine model at various points over a range of wind speeds from 11.4 to 25 m/s to find the required steady-state blade pitch at each point such that Ω = 0.
The wind speed input to this gain scheduler is first fed through an 8th-order low-pass Butterworth filter that filters out anything at or above the once-per-revolution frequency of 0.2 Hz. This stops high frequencies from being passed through to the blade pitch signal.
Early testing of the collective pitch gain-scheduled model-inverse feedforward controllers showed that results improved when a low-pass filter is also applied to the input signal to the controller itself. This filter is a single-pole low-pass filter, with a corner frequency of 0.025 Hz. However, this removes much of the dynamics of the controller, leaving it essentially equivalent to a low-pass filter multiplied by a (gain-scheduled) constant. So it appears that these controllers are not working as expected, except at low frequencies. This may be because the required amount of delay cannot be made precise enough, or because the higher frequencies in the 5-point average are not representative of the entire disc. Some of the problem may also be due to operation far from the linearized operating point, and it is possible that this could be corrected by scheduling not only the gain at different wind speeds, but the locations of controller poles and zeros as well. However, it is interesting to note that when the turbine model is linearized using only two degrees of freedom (Drivetrain rotational-flexibility and Generator) instead of five, P Ωw and P Ωβ have almost identical dynamics, so the ideal model-inverse controller, F = −P
−1
Ωβ P Ωw , is simply equal to a constant of approximately 0.0234 rad/(m/s).
Testing of the three controllers shows that all produce similar results. Therefore the simulation results for the ZPETC, with low-pass filter on both the gain scheduler and the input, are used as representative of all three. For comparison, simulation results for a low-pass-filtered gain-scheduled constant are presented as well. These two controllers were originally collective pitch. Individual pitch versions were also designed. The individual pitch version has three wind speed inputs, one at each blade, at approximately 75% span. It simply uses the same collective pitch controller three times, one for each blade. The low-pass filter pole at 0.025 Hz is increased to allow the 0.2 Hz signal through so that the individual pitch controller can handle wind shear.
IV.B. Gain-Scheduled Shaped Compensator Feedforward Control
Rather than using an instantaneous wind speed measurement at the blades, or a few hundredths of a second ahead of the blades, the shaped compensator uses an advance wind measurement up to five seconds ahead of the blades. This gives the blades more time to react to changes in wind speed, keeping pitch rates to more reasonable levels. First, the desired step response shown in Figure 8 is created. The step change in wind speed hits the blades at the 0s mark on the plot, where the blade pitch is rising the fastest. The step response completely determines a linear controller. To find the transfer function for this controller, we take the derivative of the step response to obtain the continuous-time impulse response, shown in Figure 9 .
To determine a discrete-time controller with sample period 0.0125s, the continuous-time impulse response is sampled every 0.0125s and multiplied by 0.0125 to yield the discrete-time controller pulse response. The transfer function is then simply b −n z n . .
, where b i is the value of the pulse response at sample i (at time 0.0125i), and here n = 400, since the pulse response starts 400 samples (5s) before time 0. This feedforward controller transfer function can equivalently be written as
which is an 800th-order non-causal FIR (finite impulse response) compensator.
To actually implement this non-causal compensator, its transfer function is first multiplied by z −n , making it causal. The wind speed input to this causal compensator is 5s ahead of the blades, rather than directly at the blades. This is effectively a multiplication of the wind speed input by z n , which cancels the z −n .
This compensator is then gain scheduled exactly as described for the model-inverse feedforward controller. In this case, the low-pass filter is applied to the gain scheduler, but not to the feedforward compensator input.
This controller was also originally collective pitch. An individual pitch version is designed by using three copies of the collective pitch controller, one for each blade. There are then three separate wind speed measurement inputs, 5s ahead of each blade, at 75% span. The shaped compensator idea can also be evaluated at different wind preview lengths. In addition to the 5s preview version, we consider 10/3s preview and 5/3s preview versions of the individual pitch shaped compensator. These were designed by shrinking the step response to 2/3 and 1/3 of its original length.
IV.C. Phasing Out Individual Pitch Controllers
As the wind speed drops below rated, the individual pitch controllers are phased out of operation using the phase out block shown in Figure 10 . The lower blade pitch limit for this turbine model is 0
• . Without a phase out block, as the wind speed drops below rated, the controller causes the pitch of each blade to saturate at 0
• . This causes a problem for independent pitch control because each pitch command is approximately sinusoidal at the rotational frequency of the turbine, and when the part of the sinusoid below 0
• is cut off, the average pitch command is suddenly higher than desired, causing reduced rotor speeds and reduced power capture.
At near rated wind speeds, where part of the sinusoids are below 0 • , the phase out block works to keep the average pitch at the correct value, while reducing the magnitude of each sinusoid until it just reaches but does not go below 0
• . This is done in the individual pitch feedforward controllers as follows: The phase out block has a 3-element vector input β in and 3-element vector output β out , with one element for each blade pitch command. First, an instantaneous average of the three pitch commands is taken.
The difference between that average and the pitch command farthest from that average at any given time is then taken. dif = max(|β in (1) − avg|, |β in (2) − avg|, |β in (3) − avg|). Now dif gives us an approximate value of the magnitude of the three β in sinusoids, but as a function of time, it contains an undesirable ripple. Therefore it is fed into a low pass filter, and the output of the low pass filter is increased by about 5%. This finally gives an estimate of the current amplitude (amp) of the three commanded signals β in . The commanded signals are then passed through with the same average value, but with the amplitude scaled down so that it just reaches the 0 • limit. β out = avg + (β in − avg) * (avg/amp). Inputs and outputs to this process are shown in Figure 11 . A different method was used in the baseline individual pitch controller, taking advantage of the MBC transformation. 
V. Simulation Results
When simulated on below rated wind fields, all controllers behaved exactly the same: the commanded blade pitch was a constant zero degrees.
All controllers were then simulated in the above rated and rated wind fields. A comparison of structural loading measures, averaged over all wind fields, is shown in Figure 12 . These measures include RMS nacelle velocities and damage equivalent loads (DELs) of blade and tower bending moments. DELs are calculated based on a rainflow counting algorithm using code from NREL, with Wohler curve exponent (slope of log(S) vs log(N)) of 10, typical for composite material. It should be noted that the side-to-side tower top RMS velocity measure had initial transients that took much longer to settle than the others, sometimes over 100s. Since only the first 99s of each run were discarded to allow for settling, this particular measure may not have actually increased as much as these plots show.
On the left side of Figure 12 , the three collective pitch feedforward controllers are compared to the collective pitch feedback-only baseline control. While these controllers show a small reduction in blade root loads at above rated wind speeds, their overall performance is worse than the baseline controller. The two plots on the left also show that the baseline individual pitch controller is overall an improvement over the baseline collective pitch controller, at least at above rated wind speeds.
On the right side of Figure 12 , the six individual pitch feedforward controllers are compared to the individual pitch feedback-only baseline control. Three of these are an improvement over baseline: IP Shaped 5s Fdfwd w/ CP Fdbk, IP Shaped 10/3s Fdfwd w/ CP Fdbk, and IP Shaped 5s Fdfwd w/ IP Fdbk. These three designs each incorporate a preview measurement of the incoming wind speed at three points ahead of the turbine. These three designs also do not reduce power production, and even allow tighter regulation of power production and rotor speed, as can be seen in Figures 13 and 14 . Figures 13 and 14 also show that the feedforward controllers increase pitch rates but still operate within a limit of 8
• /s.
V.A. Wind Speed Estimate from Turbine States and Hub Height Only Preview
In the results presented so far, the wind speed that was input to the collective pitch feedforward controllers was an average taken over five points in space. Figure 15 shows how this wind speed input would look if it had been measured differently. The smoothest curve is the wind speed estimate, which requires no Lidar, but is instead based solely on generator speed, generator torque, and blade pitch. This estimate was calculated by following a published method, 12 but for simplicity, the drivetrain torsion was ignored in the calculation of aerodynamic torque. The least smooth curves are the hub height only wind measurements. Both a delayed preview and an "at tower" version are plotted to show that there is very little error between the two under this simulation method. On average, the hub height only wind speed measurements will be slightly too high compared to the average wind speed over the rotor plane because the wind speed varies with height according to the power law.
The three wind measurement techniques (wind speed estimate, 5 point average, and hub height only) were each tested as input to the collective pitch ZPETC feedforward controller in a single wind field run (AR1 s1). As shown in Figure 16 , the wind speed estimate performed similarly to the 5 point average measurement, while the hub height only measurement performed significantly worse. The wind speed estimate method is applicable only to the CP ZPETC and CP Constant controllers, and not to the CP Shaped controller, which requires a 5s preview. 
VI. Conclusions and Future Work
In this paper, we have presented results of an initial study of feedforward blade pitch control when added to standard feedback control. Two baseline feedback controllers, three collective pitch feedforward controllers, and five individual pitch feedforward controllers were designed, and various combinations of these feedback and feedforward controllers were evaluated on a nonlinear 5 MW wind turbine model using realistic wind fields representative of the Great Plains region in the US.
When the collective pitch feedback baseline controller is augmented with any of the collective pitch feedforward controllers, the overall performance (in terms of loads and power production) is worse than using the collective pitch feedback baseline controller alone.
For collective pitch feedforward controllers with no preview, three possible wind speed inputs were compared. An average of wind speed measurements over five points in space performed much better than a single hub-height only wind speed measurement. However, it appears that the best input would not come from either of these Lidar-based methods, but instead from a wind speed estimate based only on generator speed, generator torque, and blade pitch.
Two of the shaped individual pitch feedforward controllers show an improvement over the individual pitch feedback-only baseline. The optimal preview time was between 3 to 5s, but this is specific to the shaped controller design and may not be true in general.
A method for phasing out individual pitch control as wind speeds drop below rated was also developed. Future work includes investigating other types of feedforward control approaches, including a non-causal series expansion 13 and Preview Control. 14 These methods allow for a varying preview time, which will be advantageous because, due to various hardware implementation issues, it is preferable for Lidars to be set to measure wind speeds a fixed distance away. Therefore, the available preview time will vary as the wind speed varies. A non-causal series expansion is a model-inverse method that may be superior to the ones presented in this paper because it can make use of longer preview times. Preview Control includes a cost function that allows explicit minimization of rotor speed error, loads, and pitch rate.
